The studies focusing on x-ray, computed tomography (CT), and magnetic resonance imaging (MRI) in pediatric Langerhans cell histiocytosis (LCH) patients were still rare. Therefore, we aimed to evaluate the application of x-ray, CT, and MRI in pediatric LCH patients with long bone involvement.
Introduction
Langerhans cell histiocytosis (LCH) is characterized by abnormal proliferation of pathological Langerhans cells. [1] In 1953, Lichtenstein discovered and introduced the word of the "histiocytosis X" to describe a group of rare diseases with similar histopathological characteristics, which included HandSchüller-Christian syndrome, Letterer-Siwe disease, and eosinophilic granuloma of the bone. [2] Langerhans cell infiltrated multiple organs. Children aging between 1 and 15 years old were most vulnerable to be affected by LCH, while those under 3 years old had the peak incidence. Additionally, the incidence of LCH was higher in men than the women. [3, 4] In 80% of the pediatric LCH cases, bones were mostly affected, [5] especially vertebral bodies, long bones, and mandibles. [6] The diagnosis of LCH was mainly based on physical examination and tissue biopsy. However, radiological images, [7] including x-ray, computed tomography (CT), and magnetic resonance imaging (MRI), were also recommended in the guideline to diagnose LCH and assess the destruction and necrosis of the bones, the periosteal reaction, and the location and size of soft tissue mass. [8] X-ray examination had its advantages in identifying periosteal reaction and sclerotic margins. MRI was able to find bone destruction and was sensitive in detecting the involvement of the medullary cavity and the soft tissue swelling compared with CT. Moreover, MRI was preferable by pediatric patients because of its non-radioactive character. Nevertheless, although recommended by the guideline, the studies focusing on x-ray, CT, and MRI images of LCH were still rare. [9, 10] Clinical doctors still relied on biopsy to make final diagnosis but not based on a good understanding of radiological images. The long bone involvement, which was a quite common affected organ in LCH, was recommended to be assessed by CT and MRI [7] and patients with long bone involvement were always pediatrics under 15 years old. [11] Furthermore, positron-emission tomography (PET) as a nuclear medicine functional imaging technique, is rapidly evolving in oncology field. [12] Radioactive tracers were used to emit gamma rays after introducing to body on the biologically active molecule for PET scanning. Although PET scanning is non-invasive, body are exposed to ionizing radiation. FDG (2-[fluorine-18]fluoro-2-deoxy-d-glucose) is the widely used tracer for PET, which has an effective radiation dose of 14 mSv. [13] Children are more prone to develop tumor induced by radiation, compared with adults. In this paper, we aimed to investigate the application of x-ray, CT, and MRI of long bone in the diagnosis of pediatric LCH. Therefore, our study evaluated x-ray, CT, and magnetic resonance (MR) images and pathological results of 22 pediatric LCH patients with long bone involvement.
Methods

Participants
From January 2013 to January 2016, the clinical information of 22 pediatric patients with long-bone LCH in Nanjing Children's Hospital was retrospectively analyzed. The inclusion criteria included patients who were diagnosed with LCH by pathological examinations, including H&E staining and immunohistochemical stain, according to the updated guideline [14] ; patients underwent x-ray, CT, or MRI examination of the affected long bones; patients under 15 years old. The exclusion criteria included: patients who were diagnosed with LCH but without long bone involvement; patients who had other long bone diseases.
This study was approved by the Ethics Committee of Nanjing Children's Hospital.
Pathological features
H&E staining and immunohistochemical staining were used to confirm the pathological diagnosis. The diagnosis of LCH in our study was based on positive immunohistochemical staining for S-100 protein and the demonstration of T6 (CD1a) antigenic determinants on the surfaces of lesion cells from biopsy samples. [15] 2.3. Radiological examination X-ray, CT, or MR images were performed and recorded. CT was performed using Philips Brilliance 64 Slice CT workstation. Thirty minutes before CT scan, 5% chloral hydrate (1 mL/kg) was orally administered to sedate the children when necessary. CT imaging parameters were set as follows: section thickness, 0.625 mm; tube voltage, 120 keV; tube current, 80 mAs, and pitch = 1. All the data were transferred to the workstation via Picture Archiving and Communication System (PACS). The postprocessing techniques included multiplanar reconstruction and volume rendering, with a reconstruction interval of 1 to 3 mm. MRI was performed at 1.5 T using a Siemens superconducting MRI scanner. Scan parameters were set as follows: repetition time (TR) 623 ms; 22 ms of echo time (TE), 180°of flip angle, and 3 mm of slice thickness for T1WI; TR 4960 ms, TE 105 ms, flip angle 150°, slice thickness 3.5 mm for T2WI; and TR 3450 ms, TE 89 ms, flip angle 150°, slice thickness 3 mm for short time inversion recovery sequences (STIR). Sagittal STIR, T1WI and T2WI images, coronal STIR images, and transaxial T2WI images were acquired. Two experienced radiologists who were blind to the results of other examinations evaluated the images separately. If the 2 radiologists had different opinions, a third radiologist was invited to review the image data and give a final result. The locations and character of LCH lesion on long bones were recorded for further analyses.
Treatments
A total of 14 patients underwent curettage and allogeneic bone graft surgery and postoperative chemotherapy, while 8 patients were subjected to chemotherapy. The chemotherapy were administered according to the modified German-Austrian (DAL-HX 83/90) method. [16] 2.5. Follow-up Participants were followed up for 3 years. Specifically, patients were followed up every 2 months for the first 6 months after surgery and every 3 months during 6 to 12 months. After the first year after surgery, participants were followed up every 6 months for the subsequent 2 years. X-ray, CT, or MRI was performed in follow-up period.
Outcome evaluation
According to the guidelines for the diagnosis and treatment of LCH for patients under the age of 18 years, [16] 3 degrees of patients' response to treatment were proposed: good response, moderate response, and exacerbation. The response degrees were based on the disappearance of the primary lesion and the appearance of the new lesion. If the primary lesion disappeared and no new lesion was found, then the response was defined as good. If the density of the lesion gradually became even, the bone density increased, the hardening margin appeared around the medullary cavity, and the corresponding cortical bone thickening with a limited trend, the response was moderate. If the lesion did not get smaller or disappear after treatment, or there were new lesions, the response was deteriorative or exacerbated. 
Statistical analysis
The data were analyzed by SPSS software (V22.0, Chicago, IL). All the continuous data were presented as mean ± SD (standard deviations) and categorical data were presented as percentages.
The differences between groups were analyzed by t test or continuous data and Chi-square test for categorical data. All P values were 2-tailed, and P < .05 was considered statistically significant.
Results
Participants
Total 22 pediatric patients with long-bone LCH were included in this study, including 14 boys and 8 girls, ranging from 1 to 8 years old, with a median age of 3 years old. The disease course ranged from 1 to 25 months. The clinical manifestations of the 22 LCH children mainly present with local pain or claudication (n = 20), fever lasting for 2 weeks (n = 1), and frontal mass (n = 1).
Pathological results
Based on HE staining, the lesions of patients were present with gray-red and dark-red bone tissues of hard texture mixed with granulation-like tissue. In this study, the biopsy results of all patients were positive for S-100 protein and CD1a antigen.
Localization of LCH lesions based on x-ray, CT, and MRI
There were 11 patients (50%) with single long bone lesions, including tibia (4/22, 36.36%), femur (3/22, 27.27%), radius (3/22, 27.27%) and ulna (1/22, 9.09%), and 11 patients (11/ 22, 50%) who had multiple long bone involvement with a total of 23 lesions, including femur (10 sites), humerus (5 sites, including 1 patient had epiphysis involvement), tibia (7 sites), and radius (1 site). The total lesion sites included the femur (n = 13, 38.24%), tibia (n = 11, 32.35%), humerus (n = 5, 14.71%), radius (n = 4, 11.76%), and ulna (n = 1, 2.94%). Details were available in Table 1 . Most lesions affected the diaphysis and metaphysis, while only 1 lesion affected the epiphysis. 
Features of LCH on X-ray, CT, and MRI
X-ray (n = 20) and CT (n = 18) images indicated thick diaphysis and thin cortical bone. Round or ovoid radiolucent areas suggested osteolytic, cystic, or expansile bone destruction. The lesions were well circumscribed, while marginal sclerosis were observed in 2 patients (9.09%) ( Figs. 1 and 2 ). Other manifestations included soft tissue swelling (n = 21, 95.45%), soft tissue mass (n = 1, 4.55%), and periosteal reaction (n = 19, 86.36%). The cross-sectional scanning of CT (n = 18) could completely show lytic and periosteal reaction and showed the medullary bone destruction (n = 18, 100%) and cortical bone destruction (n = 15, 83.33%) ( Table 2 ). In 1 patient, x-ray showed mild periosteal reaction at the proximal ulnar bone, but CT images found that the bone density was heterogeneously reduced in the medullary cavity with periosteal reaction and soft tissue swelling surrounded. MRI (n = 12) revealed that intramedullary focal lesions with extramedullary soft-tissue, which had low intensity signal on T1 weighted sequence and high intensity signal T2 weighted sequence (n = 12, 100%), were surrounded by ring-shaped or multilayer periosteal reaction (n = 12, 100%). Massive abnormal signals were found in the proximate medullary cavity and they showed high intensity signals on STIR. Other manifestations included cortical bone destruction (n = 12, 100%), soft tissue swelling, and soft tissue mass (Fig. 2, Table 2 ).
Follow-up
All the participants were followed up for 3 years to evaluate the prognosis and x-ray, CT, and MRI were examined. The follow-up images revealed more homogeneous density within the lesion, increased bone density, re-appeared medullary cavity, and increased cortical bone thickness. There were 2 patients (2/22, 9.09%) who had good response after treatment (Fig. 3) , while 3 patients (3/22, 13.64%) were exacerbated. The other 17 patients had moderated response after treatment. 
Discussion
LCH is a quite rare, complex, and multifaceted group of disorder. The etiology of LCH was not clearly known. [17] LCH affected 5 persons per 1 million people, [5] and more than half of the cases were diagnosed under 15 years old. [18, 19] The clinical presentation of LCH variated. Bones, skin, oral cavity, genitals, lung, and other organs could be affected. [7] Up to 50% of LCH occurred in bones. [19] Biopsy was still a golden standard for the diagnosis of LCH, but radiological measures, including CT and MRI, were also recommended to evaluate LCH and assist in the diagnosis. [20] X-ray was convenient, cheap, and easy to perform in clinical practice. Therefore, we evaluated the application of x-ray, CT, and MRI on 22 pediatric LCH patients with long bone involvement in this study.
The prevalence of LCH in our study was consistent with previous results. [3, 4] Moreover, we found that single long-bone LCH lesion mostly localized in tibia (4/22, 36.36%), followed by femur, radius, and ulna, while multiple long-bone LCH lesions frequently localized in femur, followed by tibia, humerus, radius, and ulna orderly. Long-bone LCH primarily affected metaphysis or diaphysis, but not epiphysis. [21] In keeping with that notion, the lesion started from medullary cavity of the long bone and progressed outwards, which led to thinner and damaged cortical bones. Typically, the affected areas are round-shaped or ovalshaped lesions. [2] In the present study, epiphysis involvement was observed only in 1 patient (1/22), which was consistent with the previous opinions. In the case of lesion sites, femurs, tibia, humerus, and radius were the most frequently affected anatomic sites, which was slightly different from the previous report. [22] Bone destruction could be cystic or osteolytic. Occasionally, an expanded cortical shell developed as the lesion grew and destroyed the native bones. The periosteal reaction varied in magnitude, with characteristic multilayer onion-skin or singlelayer morphology.
[23] The x-ray and CT showed round-shaped or ovoid-shaped, well circumscribed, and radiolucent defects within the medullary cavity. Moreover, the sclerotic margin showed a high density on CT and ring-shaped high density on T2WI. However, mature lesions were rare, with only 2 cases in our study. The periosteal reactions with typical layered or onion- skin morphology were frequently observed. Furthermore, most lesions were surrounded by soft tissue edema and only one lesion was surrounded by soft tissue mass. CT was sensitive to osteolysis, and lamellated periosteal reaction. [24] With the development of CT technology, the current multi-detector CT can perform multi-plane reorganization and observe bone details. Accordingly, CT image of LCH was characterized by increased density of medullary cavity and the destruction of cortical bone, while x-ray showed lytic and periosteal reaction of LCH.
MRI depicted intramedullary lesions with extramedullary softtissue components. On the T1WI sequence, the lesions had isointensity or low intensity signals while the signal of the lesion was higher than the adjacent muscles. On the T2WI sequence, the lesion showed generally high intensity signals, while some lesion had a lacelike peripheral appearance, which might be due to the difference of growth rates within the cancerous tissue. Moreover, the lesions observed on MRI had a higher resolution ratio than those on CT images, which could be explained by the natural poor sensitivity of CT on edema surrounding bone marrow and soft tissue. The sagittal and coronal plane of MRI typically had characteristic cuffing features, which were caused by eosinophilic granuloma and mononuclear phagocyte infiltration of cortical periosteum. [25] Several key factors affected the clinical outcome of LCH, [5, 7] such as LCH infiltration condition and the involvement of organs. It had been reported that the emergence of marginal sclerosis was an indicator of mature and localized lesions. [26] Patients with LCH might experience spontaneous remission, and the healing of bone lesions gradually occurred through the progression of fibrosis. During the follow-up period of this study, the density of the lesion turned normal, while the overall bone density increased. Later on, the lesion became well circumscribed with the formation of marginal sclerosis. The medullary cavity reappeared and the thickness of affected cortical bone increased, then the lesion was confined. The clinical outcomes of the 22 patients were satisfactory. Two out of the 22 patients experienced complete remission. In the current study, 11 patients who had multiple lesions, did not respond well to the treatment. Generally, patients with single organ involvement, relatively longer disease courses, localized lesions, and those who underwent systematic treatments [27, 28] had favorable prognosis.
Conclusion
Ovoid or round radiolucent lesions, aggressive periosteal reaction, and swelling of surrounding soft tissues were the main characteristics based on the images of x-ray, CT, and MRI of long bones on pediatric LCH patients. Femurs, tibia, humerus, and radius were the most commonly affected long bones of pediatric LCH. The application of x-ray, CT, and MRI on long bones could help with the diagnosis of pediatric LCH.
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